Summary
surface of the sweat and saliva duct and is ap~arentlv not effective
A factor is present in the saliva and sweat from patients with cystic fibrosis (CF) which inhibits the reabsorption of sodium in the ducts of the salivary and sweat glands. Inasmuch as the physiology of sodium absorption is similar in salivary ducts and the distal colon, we have examined the sensitivity of the sodium absorption in the rat colon to saliva from C F patients.
Sodium absorption by the rat colon. estimated a s the shortcircuit current, was inhibited by saliva from both patients with C F and normal volunteers. However, only with C F saliva was the inhibition consistently proportional to the saliva concentration. Furthermore, the inhibitory activity of C F saliva was greater than the inhibition observed with saliva from age-and sex-matched controls (percentage of inhibition: C F = 20.1 + 2.2, and controls = 14.9 k 2.1: P < 0.02). and the inhibition of the colonic shortcircuit current was proportional to the activity measured by the ductal retrograde perfusion assay with the rat parotid gland (linear correlation Leffirient = 0.6W. < 0.005). This latter assay is an acceoted assav for CF factor activity.
~' e
conclude that the CF factor present in saliva probably interacts in a reversible manner with the amiloride-sensitive sodium transport system which is present in all sodium scavenging epithelia. The rat colon is a promising assay system for CF factor activity because the electrical measurements permit a rapid quantitative estimate of activity and a single piece of tissue can be used to measure the activity of several saliva samples. Speculation at inhibiting sodium or sodium-dependent ;loneleitrolyte transport by the brush border membrane of the small intestine (37. 39) . Therefore. we have suggested that this C F factor may interact specifically with the amiloride-sensitive sodium transport which is unique to low conductance epithelia (32. 39) .
To test our hypothesis of an interaction of the C F factor with the amiloride-sensitive sodium transport system, the colon from sodium-deficient rats was chosen as a tissue with this type of sodium absorption. The C F specificity was examined in two ways: by comparing the inhibition observed in mixed submaxillarysublingual saliva from C F patients to that of saliva from age-and sex-paired controls and by comparing the inhibition observed with the colonic assay to that observed with the ductal retrograde perfusion assay (38). This latter assay is an accepted estimate of C F factor activity because it correlates with the sweat electrolye test used to diagnose C F (10. 20. 27 . 38).
M A T E R I A L S A N D M E T H O D S P A T l t N T S A N D C'ONTROL SUBJ tC'TS
Patients contributing saliva for this study were from the Cleveland Cystic Fibrosis Center. Their clinical scores ranged from 23 to 74 as determined by a modified procedure (12) of the original Shwachman-Kulczycki method (36) . Control donors were student volunteers or young laboratory personnel. C F patients and control donors were matched for sex and age as nearly as possible; the pairing was maintained whenever repeated measurements of activity were done on the same patient. Informed consent was The factor that inhibits sodium reabsorption in the ducts of the from patients and volunteers contributing sweat and salivary glands may be a normally occurring substance . -which, however, is secreted at abnormal l&els in thesweat and
Mixed submaxillary-sublingual saliva was collected with Schneyer-type segregators (33. 38 ) between 0830 and 1130 using Saliva and sweat from patients with cystic fibrosis ( C F ) contain lemon juice stimulation. The saliva was kept at -4°C and was a Sactor which inhibits the reabsorption of sodium in the ducts of assayed for activity within 6 hr of collection. Because C F factor the cxncrinc gland% ( 10. 11. 24. 27 . ZX. 38). This factor has not activity has heen reported to he sensitive to contact with glass (27. been purified and identified principally because of its lability and 28) the assay chambers were made of plastic and saliva was the difficulty of the ductal retrograde perfusion assay (38). Al-handled with plastic vessels and pipets. though a number of other assays for C F inhibitor activity have been proposed ( 1 . 5. 30 ) each of these has been Sound by subse-A N I M A L S quent examination either to lack specificity for C F or to be unrelated to the impairment of electrolyte transport (2, 3, 37).
Male Sprague-Dawley rats of 100 to 500 g were maintained at Tissues responsive to C F inhibitor activity. such as the ducts of 18-24°C in a room with a I2 hr light/dark cycle. Animals were the salivary and sweat glands, are low conductance or "tight" housed in plastic cages with aspen straw bedding and were given epithelia (16. 19 ). These and other low conductance epithelial food and deionized water ad libitum. The control diet was Fortissues. including the distal renal tubule. the collecting tubule. and mulab Chow 5008 supplied by the Ralston Purina Co.. Richmond. the colon, share the characteristics of sodium chloride absorption IL. The sodium-deficient diet was similar to that of Hartroft and against high concentration gradients. the ability to generate rela-Eisenstein (22) and was prepared by the Life Science Group of tively high transepithelial potentials (35 T h e descending colon was removed, rinsed with oxygenated Krebs-Henseleit balanced salt solution (26) The short-circuit current was measured using a conventional circuit (42) with calomel electrodes as the current electrodes and either calomel or silver/ silver chloride electrodes with 3 M potassium chloride/20/r agar bridges for the potential electrodes. Tissue resistance was calculated from the potential change caused by introducing -50 pA across the tissue. Saliva was preincubated to 37°C for 10 min before adding to the mucosal solution. Inhibition is expressed as the percentage of change in the short-circuit current following addition of saliva (see text). In some cases. artificial saliva was used to mimic the electrolyte composition of submaxillary-sublingual saliva (8) T h e ductal retrograde perfusion assay with the rat parotid gland was performed according to Taylor el al. (38). T h e rats were given injections S C with 0.15 M sodium chloride (2%) body weight) 0.5 to 2 hr before anesthesia to ensure proper hydration.
STATISTIC'AL ANAI.YSIS Statistical comparison of paired samples was done by Student's I test where the distribution of the test statistic was assumed to be normally distributed (7). T h e mean difference for each individual pair was used to estimate the signilicance of paired dilTerences for the sample population. T h e C F sample population is believed to represent the C F population because the range of the clinical scores of the sample population is similar to the range of the clinical scores of the C F patients of the same age group ( I 5 to 3 1 years) in the Cleveland Cystic Fibrosis Center. For testing the significance of the correlation between the inhibitory activities measured by the two assays. it was assumed that the population correlation coefficient was zero (7).
Results with normal rat colon indicate that the short-circuit current is insensitive to either C F saliva or amiloride (see Fig. I h) . However. a report by Edmonds and Pilcher ( 15) demonstrated that placing rats on a sodium-deficient diet stimulates electrogenic sodium absorption. Subsequently. we found that the colon from sodium-deficient rats is sensitive to amiloride (?Yoc;) and to C F saliva (see Fig. la) . T h e short-circuit current is due to electrogenic sodium transport for the following reasons: ( I ) substitution of the sodium chloride and the sodium brcarbonate in the Krebs-Henseleit balanced silt solution with choline chloride and choline bicarbonate greatly reduces the short-circuit current (from 252 to 15 p~/ c m : ) and the potential (from 11.8 to 0.8 mV: the residual is probably due to sodium l'roni the tissue and liom the asymmetry potential). Similar results have been reported by Edmonds and Marriott (14) . When the sodiuni concentration in the luminal compartment was varied over the range from 2 to 140 mM sodium. the short-circuit current increased in a hyperbolic manner until at a constant level at ?I00 m M sodium ( . Efrect ot'<'F saliva and amiloride on the short-circu~t current ol the rat colon. Short-circuit current of the descending colon from sodiumdelicient (u) and normal ( h ) rats was measured as described in "Materials and Methods." At the additions marked "S' and "A," CF saliva or amiloride were added to the mucosal solullon to final concentratlons of 25 ( v / v ) . 40 . 50"; and 50 pM, respect~vely. Sal~va and amilor~de were washed out " W' by replacing the mucosal solutions with fresh buffer. 2 . Sodium dependence of the short-c~rcuit current of the colon from sodium-defic~ent rats. The short-circuit current was measured as de\cr~bed In "Materials and Methods." The Krebs-tlensele~t solution in the mucosal compartment which contained I20 mM sod~uni chloride. 25 mM sodium blcarhonate. 4.6 mM potashluni chloride. 1.2 mM potassium phosphate. 1.2 mM niagnesluni sullate. and 1.0 niM calcium chlor~de was replaced with a s o l u t~o n in wh~ch chol~ne halts replaced those of sodium. At I-to 2-niin ~ntervals. the sodium-containing Krebs-tlensele~t solution was added to gradually increase the mucosal sod~um concentration. Sod~u m concentratlons were ver~lied h) analys~s w~th a sod~um-spec~tic electrode (Or~on model 94-I I ). The short-circuit current 1s shown as a percentage of that observed in the presence of the sodium contain~ng Krebs-tienseleit holutlon (252 pA/cm'). S~m~l a r results were ohta~ned when the sodium-containing Krebs-tlenseleit solution was gradually diluted with the choline containing solut~on In both experiments. the serosal compartment conta~ned the sod~um-r~ch Krebs-tlensele~t solution (26).
epithelium liom sodium-deficient rats is capable of reducing the luminal sodium concentration from I I I n1M in the cecum to 3 m M in the stool ( 13); and ( 3 ) 3.6 m M furosemide. I m M acetazolamide. and I m M 4-acetamido-4'-isoth1ocyano-2,2'-disulfonic stilbene. which are known inhibitors of anion transport (4, 6, 25). d o not inhibit the short-circuit current of the descending colon from sodium-deficient rats. These results argue that the shortcircuit current of the colon from sodium-deficient rats is due to a net mucosal to serosal sodium transport which is involved in sodium absorption. The short-circuit current of the normal rabbit colon. which is amiloride sensitive (18). has been shown to be an accurate measure of net sodium absorption (17) and is inhibited by C F saliva (results not shown). Therefore. it is likely that sodium absorption via the amiloride-sensitive pathway is inhibited by some substance in saliva.
When the colon from a sodium-deficient rat is treated with amiloride on the luminal surface. the tissue resistance is increased (Table I) . Evidently. the amiloride-sensitive sodium conductance constitutes a measurable fraction of the total tissue conductance. If saliva interacts with the amiloride-sensitive sodium transport system. then saliva should also increase the tissue resistance. The results in Table 1 indicate that both control and C F saliva significantly increase the tissue resistance. consistent with an interaction of a saliva component with the amiloride-sensitive sodium transport system.
By replacing the mucosal solution with fresh buffer without amiloride or C F saliva. the short-circuit current returns to the pretreatment value (Fig. la) . Inasmuch as the effects of both saliva and amiloride can be reversed by washing the tissue and because the tissue resistance returns to pretreatment values (results not shown), these agents probably do not act by affecting the integrity or viability of the tissue.
The ability ofthe short-circuit current assay to detect CF-related inhibitory activity was examined in two ways. First. the inhibition by control saliva was compared to that by C F saliva. Because the inhibition by control saliva is relatively independent of concentration (Fig. 3) . the inhibition by saliva may be expressed as the specific inhibition (the inhibition by 507; saliva minus the inhibition by 25% saliva). The specific inhibition by C F saliva is significantly greater than that by control saliva (Table 1 . P < 0.02). indicating that the short-circuit current assay is measuring an activity which is elevated in CF.
The relevancy of the inhibition measured by the colonic shortcircuit current assay to C F was also tested by comparing the inhibition of the short-circuit current to the inhibition observed with the ductal retrograde perfusion assay (38). The data (Fig. 4) although variable. demonstrate a signilicant correlation (with 3 1 pairs. the linear correlation coefficient was 0.634 at P < 0.005).
We conclude from these results that the short-circuit current assay measures as activity which is elevated in CF and is probably attributable to the CF factor.
Because saliva has a much lower sodium concentration than Krebs-Henseleit balanced salt solution (8. 26. 41) . I t would be 4 . C'orrelatlc)n between the saliva a c t~v~t y l n h~b~t l n g the shortclrcuit current o f t h e rat colon and the actlv~ty i n h i b~t l n g the reahsorption o l ' s u d~u n~ by the rat parotid gland. I'he ductal retrograde perl'uslon assay o f t h e rat parotid was perli)rn~ed accord~ng to Taylor rl (11. (38). I n h~b i t i o n o f the colon~c short-circuit current by 25'; wllva was measured as described i n "Materials and Methods." 'lhe llnear correlation between the activ~ties measured by the twu ahsays i n 31 trlals may be described by y = 0.404 X + 9.54 w~t h a cc)rrelatlon coel'liclent ot'0.034. P i 0.005. expected from the results in Figure 2 that large volumes of saliva would decrease the short-circuit current by reducing the sodium concentration at the mucosal surface. The inhibition observed with saliva is not due to such as effect because of the following observations: ( I ) the "inhibition" due to a reduced electrolyte concentration (SOf; saliva would produce a luminal sodium concentration of -80 mM) would be only -7'i (estimated from Fig. WILL ET.11. . Significance r test ----
Sodium and potassium concentrations of mixed sublingual-submaxillary salivas were measured with a flame photometer using lithium chloride as an internal standard (40) .
' Mean + S.E.
I Numbers in parentheses, number of individuals. ' Inhibition of short-circuit current by specific saliva samples was measured as described in "Material: + :d Methods." lnh~hition was measured before and after adjustment of electrolytes to equal those in KrebsHensele~t buffer.
2) which is comparable to that observed with artificial saliva (Fig.  3) . however. this is very much less than that actually observed with saliva ( Fig. 3 : Table I ): (2) the difference between the sodium concentrations in C F and control saliva. although significant (Table 2 ; see Refs. 8 and 41) is relatively small. Because the sodium concentration in control saliva is less than that of C F saliva, from the results in Figure 2 , one would expect more inhibition from the control saliva. The opposite is actually observed (Table I ) ; (3) when the inhibition by specific saliva samples was measured before and after adjustment of the electrolytes to equal that of Krebs-Henseleit solution (Table 3) . the inhibition persisted after the electrolytes had been adjusted. Therefore, the inhibition cannot be due to an electrolyte imbalance; and (4) when C F saliva was treated with Dowex chelating resin or Norit A (activated charcoal). the inhibition was reduced from 14 to 6% without a significant change in the electrolyte concentrations (results not shown). These observations strongly support the hypothesis that an inhibitor of sodium transport is present in saliva and is elevated in saliva from C F patients.
The increased inhibition in the C F saliva. as compared to the saliva from controls (Table I) , is probably not due to direct effects of medication being secreted in the saliva because the following compounds at 10 pM had no effect on the short-circuit current:
atropine, [-epinephrine, gentamicin, guanosine 3'5' cyclic monophosfpate, I-isoproterenol, methacholine, I-norepinephrine, N~O -dibutyryl adenosine 3'5' cyclic monophosphate, I-propran-0101. penicillin, trimethoprim, and tetracycline. These represent the majority of pharmacologic agents administered to C F patients on a chronic basis (41) and argue against any CF-control difference being drug related.
Our results confirm those of earlier studies (24. 27 . 28. 38) with regard to a specific inhibition of sodium reabsorption by amiloride-sensitive sodium scavenging epithelia ( 19. 29. 32 ). Our study. like earlier studies (24. 27. 28. 38 ) has been performed with C F saliva run in parallel with sex-and age-matched normal controls. However, to be more certain of the C F specificity of the inhibitory activity. it will be necessary to extend our studies using age-and sex-matched controls who have other appropriate chronic lung diseases. Such controls were not included in the current study because of practical problems in obtaining the appropriate diseased controls and because we observed that the specific inhibition actually decreases with an increase in the severity of C F (linear correlation coefficient of specific inhibition with total clinical score = 0.406 (with 15 patients and a total of 23 measurements of inhibitory activity) ( P < 0.05).
Comparison of the absolute inhibition of the short-circuit current indicates that C F saliva is. on the average. 37(+ more potent than is control saliva in its ability to inhibit sodium transport ( Table I ). The magnitude of the C F effect does not appear very large. However. it is reasonable when one considers that the ability of salivary ducts to reabsorb sodium is only slightly impaired in C F patients. as judged for example. by the sodium concentration in the secreted saliva (Table 2 ; see Refs. X and 4 1 ).
The results described above are consistent with our hypothesis that C F factors probably inhibit sodium transport by low conductance epithelia in a manner similar to that of amiloride (23. 32. 39) . The short-circuit current of the colon from sodium-deficient rats is completely inhibited by low concentrations of amiloride (apparent K, = 0.5 pM) like other epithelia which are sensitive to C F sodium transport inhibitory activity (32. 34). The reversibility of the inhibition of the short-circuit current after both amiloride and C F saliva indicates that neither is affecting the viability of the tissue: this property and the fact that the colonic epithelium remains sensitive t6 amiloride for 3 to 6 hr in ritro are advantageous for assay purposes as multiple samples can be rapidly assayed using a single piece of tissue.
The use of the inhibition ofthe short-circuit current of the colon as an assay for C F factor activity will greatly facilitate the characterization. isolation. and identification of the C F factor(s). Such an effort is presently underway in our laboratories (9). It is hoped that isolation of the C F sodium transport-inhibitory activity will contribute to determining the underlying biochemical error which is present in C F exocrine tissues. CONCLUSION C F saliva reversibly inhibits epithelial sodium transport that probably proceeds via the amiloride-sensitive transport system. Sodium absorption by an amiloride-insensitive transport system is not inhibited. C F saliva is significantly more inhibitory than control saliva and the inhibitory activity measured with the rat colon correlates with the inhibition measured by the rat parotid retrograde perfusion assay. 
